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Abstract 
Polarized growth, or the delivery of cell membrane and wall materials to only the tip of 
an expanding cell, is an important growth process in several specialized plant cell types. It is 
mediated in part by the molecular motor myosin, which delivers cellular components to the tip 
via transport on actin filaments in the cytoskeleton, and Rab proteins, which are small GTPases 
that have been hypothesized to function as myosin receptors on secretory vesicles. Protonema 
cells of the moss Physcomitrella patens are used as a model system to study the proposed 
interaction between myosin XIa and Rab proteins. Previously, three residues in the globular tail 
domain of myosin were identified by RNAi and complementation testing as potential sites for 
this interaction; in this study, expression of the mutated myosin constructs is confirmed through 
fluorescence microscopy and the cellular localization of a representative type of Rab protein is 
studied using confocal microscopy. 
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1. Introduction 
1.1 Polarized Growth of Plant Cells 
 Polarized growth in plants is a process in which cell wall and membrane materials are 
deposited by exocytosis at only one side of the cell, which is where elongation occurs. This 
contrasts with diffuse growth, in which cell wall components are delivered uniformly within a 
growing cell, and the cell expands isotropically (Yoo et al., 2012). The term “tip growth” can 
also be used to describe rapid growth focused at the tips of elongating cells (Szumlanski and 
Nielsen, 2009). Several types of plant cells, such as protonemata and rhizoids, expand by tip 
growth; two well-studied examples are pollen tubes and root hairs.  
Cellular processes which contribute to polarized growth include ion gradients, the 
cytoskeleton, exocytosis and endocytosis, and membrane trafficking. For example, intracellular 
calcium gradients are important in controlling polarized growth in pollen tubes (Hepler et al., 
2001). The endomembrane traffic system, which includes exocytosis and endocytosis, is also 
involved in polarized growth. Exocytosis can be defined as “vesicle fusion at the plasma 
membrane,” whereas endocytosis is “the recovery of vesicles from the plasma membrane” 
(Battey et al., 1999). The exocytic pathway is from the endoplasmic reticulum to the Golgi to the 
plasma membrane; the endocytic pathway is from the plasma membrane to lysosomes in animal 
cells, and to multivesicular bodies and vacuoles in plant cells (Lipatova et al., 2008). These 
processes are vital to tip growth of elongating cells because exocytosis provides material for 
elongation and endocytosis removes excess plasma membrane components, allowing the cell to 
maintain its shape during tip-focused growth (Hepler et al., 2001).  
2 
1.2 Physcomitrella patens as a Model Organism for Polarized Growth 
 In order to gain a better understanding of the mechanisms of polarized growth, it is 
important to focus on some of the components which contribute to this process, such as 
cytoskeletal elements, in a simple model organism. In the moss Physcomitrella patens, 
protonemata grow from a germinating spore during the haploid phase of the moss life cycle and 
are composed of chloronema and caulonema cells (Cove, 2005). The filaments composed of 
these two protonemal cell types expand by polarized growth only and are therefore useful for 
studying aspects of cell polarity and cytoskeletal structure (Schaefer and Zryd, 2001).  
In addition to the fact that it exhibits tip growth, P. patens provides a useful model 
organism to study this phenomenon for many other reasons. Chief among these is the fact the 
genome has been sequenced (Rensing et al., 2008). Physcomitrella is easily cultured in the lab on 
Petri dishes with agar-containing medium, and protonemata can regenerate from protoplasts 
whose cell walls have been enzymatically degraded (Cove, 2005; Reski, 1997). Also, the 
protoplasts directly take up foreign DNA, making it a useful system for genetic experiments 
(Cove, 2005). DNA uptake during transformation is usually mediated by polyethylene glycol 
(PEG) (Schaefer and Zryd, 2001). Physcomitrella patens also exhibits mitotic homologous 
recombination, or the recombination of transforming DNA sequences with homologous genome 
sequences, which can be used to target and inactivate or modify a gene. Finally, RNAi occurs in 
P. patens, which provides a useful tool to study the phenotypic effects of gene silencing 
(Bezanilla et al., 2003b; Bezanilla et al., 2005; Cove, 2005; Vidali et al., 2007). 
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1.3 The Cytoskeleton and Myosin 
 The cytoskeleton is an essential participant in the process of polarized growth. The actin 
cytoskeleton is composed of actin microfilaments, which are polar structures strongly localized 
to the apical, or tip, region of growing protonemata in moss, with cortical filaments located in the 
sub-apical region (Vidali et al., 2009). Actin’s role in polar elongation of root hairs and pollen 
tubes has been suggested based on studies showing that actin polymerization is required for the 
growth of these cells (Hepler et al., 2001). In addition, actin filaments play a role in cytoplasmic 
streaming, which is the process of cytoplasmic movement forward along the sides of a growing 
cell and in the reverse direction down the center of the cell, and which brings vesicles to the 
apical region of the cell in growing angiosperm pollen tubes and in some types of actively 
growing root hairs (Hepler et al., 2001).  
 Actin is a dynamic molecule whose structure changes to contribute to processes in plant 
cells such as morphogenesis, motility, and polarity establishment. Actin is assembled through the 
processes of nucleation and elongation. Actin monomers, known as G-actin, are assembled into 
dimers and trimers by nucleation. Monomers are added to one end of an actin filament during the 
process of elongation, which synthesizes F-actin, or filamentous actin, from actin trimers. This 
polymerization is balanced by depolymerization in the process of treadmilling, in which actin 
monomers are lost from one end of a filament at a rate that balances the addition of new 
monomers to the other end (Blanchoin et al., 2010). 
 Molecules which interact with actin microfilaments may help to organize them and use 
them to transport cell wall and membrane materials to the appropriate region of the cell. Myosin, 
in particular, is a motor protein which is an important actin-interacting component of the 
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cytoskeleton. Myosin is responsible for the transport of membranes and vesicles on actin 
filaments (Tominaga and Nakano, 2012). The structure of myosin XI consists of a motor, or head 
domain, which interacts with actin and is the site of the molecule’s ATP hydrolysis activity, a 
neck region, a predicted coiled-coil region which is required for dimerization, and a globular tail, 
or cargo-interacting domain (Tominaga and Nakano, 2012; Vidali et al., 2010). Myosins are 
ubiquitous in eukaryotic organisms, but land plants contain just two classes: VIII and XI 
(Bezanilla et al., 2003a; Peremyslov et al., 2008). In Physcomitrella patens, there are only two 
class XI myosins (XIa and XIb), as contrasted with Arabidopsis thaliana, which has 13. 
Therefore, using P. patens as a model organism simplifies studies of myosin XI function (Vidali 
et al., 2010). Myosin XI in plants is the homolog of myosin V in animals and fungi. Notably, 
myosin XI has similar globular tail subdomains as myosin V, suggesting it may participate in 
similar cargo-binding processes (Li and Nebenfuhr, 2007).  
 There have been several studies on the function of myosin in plants, and in particular, 
research points to the importance of myosin in tip growth and transport of vesicles related to this 
process. For instance, it was found that in Arabidopsis, two class XI myosins, XI-K and XI-2, are 
required for root hair elongation and organelle trafficking (Peremyslov et al., 2008). The authors 
of this study found that root hair morphology and elongation were defective in myosin XI-K and 
XI-2 mutants, and Golgi body and peroxisome motility was reduced two-fold in the root hairs of 
myosin mutants (Peremyslov et al., 2008). Additionally, a recent study by Avisar et al. suggests 
that myosin XI-K in Arabidopsis contributes to movement of Golgi bodies and post-Golgi 
vesicles including endosomes, pre-vacuolar compartments, the trans-Golgi network, and exocytic 
vesicles (Avisar et al., 2012). Furthermore, it was found that in several triple and quadruple 
myosin XI mutants, Arabidopsis plant height, leaf size, root length, organelle movement, and 
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cytoskeletal organization were all affected to varying degrees (Peremyslov et al., 2010). 
Quadruple mutants of myosin XI-K, -1, -2, and -I exhibited severely misshapen root hairs. The 
F-actin network was disorganized in midvein epidermal leaf cells, and in the root hairs, 
representative triple and quadruple mutant plants failed to exclude F-actin from the apical region. 
This contrasts with wild-type Arabidopsis plants, in which the F-actin network is organized in 
such a way so that it does not enter the apical region (Peremyslov et al., 2010). These studies, 
taken together, suggest that myosin XI’s in Arabidopsis are vital to proper tip growth and 
organelle transport. 
 Importantly, the two classes of myosin XI in Physcomitrella have also been implicated in 
proper tip growth (Vidali et al., 2010). It was found that myosin XIa and XIb are 94% identical 
at the protein level, and demonstrated that they are functionally redundant. Moss plants 
transiently transformed with RNAi constructs of myosin XIa and myosin XIb had significantly 
smaller, more rounded phenotypes, as measured by quantifying the plant area and branching of 
protonemal filaments. The reduction in area and reduced branching of filaments indicated that tip 
growth was inhibited when myosin XI was silenced. Also, myosin XI-deficient moss plants 
lacked proper F-actin longitudinal organization. The authors of this study therefore concluded 
that myosin XI is essential for tip growth, and hypothesized that myosin XI may play a role in F-
actin organization in Physcomitrella (Vidali et al., 2010).  
 While this evidence demonstrates that myosin XI is a necessary factor in polarized 
growth, the mechanisms by which it contributes to this process must also be studied in order to 
gain a fuller picture of the process. It has been hypothesized that P. patens myosin XI may 
transport cargo along actin filaments to the sites of polarized cell growth by directly interacting 
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with particular small GTPases that belong to the family of Rab proteins, which are also important 
in polarized growth (Lipatova et al., 2008). 
1.4 Rab Proteins 
 Rab proteins are members of the largest family of small GTPases, which are regulated by 
“molecular switching” between a GTP-bound conformation and a GDP-bound conformation. 
These two states correspond to an active, or on, state (GTP-bound) and an inactive, or off, state 
(GDP-bound) (Zerial and McBride, 2001). The conversion between the active form and the 
inactive form is accomplished by hydrolysis of GTP to GDP. Rabs constitutively cycle between 
these two states (Feraru et al., 2012). Rabs are associated with several factors that control their 
regulatory functions. For example, SNAREs, or soluble N-ethyl maleimide-sensitive attachment 
protein receptors, are present as cognate pairs for Rabs which help Rabs bind to precisely the 
correct membrane (Zerial and McBride, 2001). Rab GDIs, or GDP dissociation inhibitors, are 
complexed with the inactive form in the cytosol. Guanine nucleotide exchange factors (GEFs) 
switch the Rab from the inactive to the active form. GTPase-activating proteins (GAPs) stimulate 
Rab activity and subsequently return it to the inactive form (Woollard and Moore, 2008). 
The nomenclature of Rab proteins varies based on the organisms in which they are found. 
To clarify the classification of Rabs, Table 1 presents the names of some homologous Rabs in 
animals, yeast, and plants (Vernoud et al., 2003).  
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Table 1: Rab Classification 
Rab Function Animals Yeast Plants 
Trans-Golgi network/ 
Post-Golgi vesicles 
Rab11 Ypt32 RabA 
Polarized secretion Rab8 
Rab10 
Sec4 RabE 
 
Rab proteins are important for membrane targeting and in determining membrane 
identity, and they act as interaction surfaces on endomembranes for recruiting effectors, 
including myosins, kinesins, and SNARE regulators (Woollard and Moore, 2008). These 
effectors are responsible for transducing the Rab signal to the transport mechanism. Some of the 
main functions of Rab proteins include tethering and docking of vesicles to target compartments 
in both the exocytic and endocytic pathways and regulation of vesicle and organelle movement 
in the cytoskeleton (Zerial and McBride, 2001). Based on these functions, Rabs are involved in 
some of the same processes as myosins and therefore may also be involved in polarized growth.  
There is evidence that Rab proteins are important for both vesicle movement and 
polarized growth in several systems. A type of Rab11 in Arabidopsis, RabA1, is important for 
trafficking of vesicles between the trans-Golgi network and the plasma membrane (Asaoka et al., 
2013). RabA1b in Arabidopsis was found to localize to the trans-Golgi network and early 
endosomes to regulate trafficking processes (Feraru et al., 2012). Also, expression patterns of 
RabA’s in Arabidopsis show localization of RabA1b, A1c, and A1e to the tips of growing root 
hairs, and RabA1f is localized to pollen tube tips (Asaoka et al., 2013). Both root hairs and 
pollen tubes extend by polarized growth, so this suggests that RabA is necessary for this process. 
Supporting this study are two others that have found RabA’s in Arabidopsis to be important for 
polarized growth of both root hairs and pollen tubes (Preuss et al., 2004; Szumlanski and 
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Nielsen, 2009). In one case, RabA4b was found to localize to growing root hair tips, and its tip 
localization was abolished when actin was depolymerized using latrunculin B (Preuss et al., 
2004). In Arabidopsis pollen tubes, RabA4d localized to growing pollen tube tips, and in plants 
in which this Rab was mutated, the pollen tubes were shorter, bulging, and slower-growing 
(Szumlanski and Nielsen, 2009). Similarly, it was found that a type of Rab11 in tobacco (a 
homolog of the RabA4 family in Arabidopsis and Physcomitrella) is localized to the apical zone 
of growing pollen tubes and is essential for pollen tube tip growth (de Graaf et al., 2005). When 
dominant negative or constitutively active mutants of this Rab were expressed in vitro, pollen 
tube growth rate and directionality were diminished, and vesicle targeting and cell wall protein 
delivery were inhibited. As with several studies demonstrating that mutated myosin alters actin 
organization, these dominant negative and constitutively active Rab mutants also had inhibited 
actin organization (de Graaf et al., 2005). These studies, taken together, implicate Rab proteins in 
vesicle movement, cytoskeletal organization, and tip growth. 
A study which focused on a particular type of GTPase-activating protein further 
demonstrates the role of Rab proteins and associated factors in polarized growth. Specifically, 
the AGD1 gene of Arabidopsis encodes an adenosine diphosphate ribosylation factor-GTPase-
activating protein, or ARF-GAP (Yoo et al., 2012). Root hairs with a defective AGD1 were 
wavy, with two tips originating from one initiation point. The authors characterized the 
interaction of phosphoinositides with AGD1, and examined the effects on root hair growth of 
double mutants of AGD1 and an enhancer of AGD1, EAG1. Root hair morphology was 
disrupted and root hairs were shorter in most double mutants of AGD1 and phosphoinositides or 
EAG1. They also found that AGD1 binds to two types of phosphoinositides and that RabA4b 
targeting to the root hair was inhibited in AGD1 mutants (Yoo et al., 2012). This study 
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demonstrates the involvement of not only Rab proteins, but also their associated enhancers and 
binding partners, in proper tip-focused growth of root hairs. 
1.5 Interactions between Myosins and Rabs 
In addition to the evidence connecting Rab proteins and myosin to polarized growth, 
there have also been several studies related to interactions between myosins and Rabs. In yeast, it 
was demonstrated that there is a direct interaction between Myo2 (a type of animal myosin V in 
yeast) and Ypt31/32 (a type of Rab in this organism), and that this interaction is necessary for 
polarized secretion. The authors of this study mapped the 3D structure of the globular tail of 
yeast Myo2 and tested the function of five surface amino acid residues in this domain which had 
been previously implicated in vesicular transport. They found three mutations which disrupted 
the interaction between myosin and Ypt31/32 in yeast. The direct interaction between the 
globular tail domain of Myo2 (Myo2-GTD) and Ypt31/32 was demonstrated by a coprecipitation 
experiment (Lipatova et al., 2008; Sultana et al., 2011).  
Furthermore, the same authors more recently demonstrated that there is a direct 
interaction between Myo2 with another type of Rab protein in yeast, Sec4, and with the exocyst 
subunit Sec15 (Jin et al., 2011). It was demonstrated through multiple in vitro and in vivo 
approaches that Sec4 directly interacts with the secretory vesicle-binding region of Myo2, and 
that this interaction is necessary for the association of Myo2 with secretory vesicles and for yeast 
viability and secretory vesicle transport. Additionally, pull-down assays demonstrated a direct 
interaction between Myo2 and Sec15, and the authors identified three amino acid residues in 
myosin which when mutated, slowed the growth of yeast and caused accumulation of secretory 
vesicles. The mutated residues of Myo2 formed a Sec15-binding region distinct from the Rab-
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binding site. These studies provide evidence for direct interactions between a yeast myosin 2 
(homolog of myosin V in animals and of myosin XI in plants) and several Rab proteins, as well 
as for the vital role of these interactions in polarized secretion and vesicle transport. 
Besides evidence for myosin-Rab interactions in yeast, there are several lines of evidence 
for this type of interaction in animals. For example, a yeast two-hybrid study demonstrated a 
direct interaction between Myo5B and both Rab8a and Rab11a. These interactions were lost 
when several point mutations were made in the myosin. The authors of this study hypothesized 
that the interactions between myosin and Rab occurred during membrane transport of non-
polarized and polarized cells (Roland et al., 2011). Additionally, in neurons, it was found that the 
tail of myosin5a directly interacts with RabA3, and that this interaction is required for vesicle 
transport (Wollert et al., 2011). 
Myosin-Rab binding interactions demonstrated in other organisms may be conserved in 
plants, but this interaction has yet to be conclusively demonstrated. Therefore, the purpose of this 
study is to gather further evidence for an interaction between myosin XIa and RabA’s in 
Physcomitrella patens. 
1.6 Purpose of this Study 
 The purpose of this study is to further test the hypothesis that a direct interaction occurs 
between Physcomitrella patens myosin XIa and one or several types of Rabs, and that this 
interaction is important for polarized tip growth. Previously, nine point mutations were generated 
in the globular tail of myosin XIa in regions predicted, based on the 3D structure of the yeast 
homolog myosin V, to be important for binding with at least one of the members of the RabA 
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family. A model of myosin XIa was established based on the 3D structure of the yeast myosin V, 
and amino acid residues on the surface were chosen for study (Figure 1).  
 
 
Figure 1: 3D model of the globular tail domain of P. patens myosin XIa. The nine point mutations posited 
to be in locations of binding sites for Rabs, which were tested previously by complementation 
experiments, are labeled (Armstrong, 2012). 
 
RNAi was used to silence endogenous myosin, and complementation experiments were 
performed with the nine mutated myosin constructs. If the mutated myosin complemented the 
RNAi knockdown phenotype, it was concluded that this site was not crucial for the myosin-Rab 
interaction. Conversely, myosin constructs that failed to complement would implicate that 
particular residue in the interaction. Growth phenotypes were quantified, and it was determined 
that three of the nine mutations, V1418R, V1422R, and F1379R, failed to rescue the knockdown 
phenotype and therefore are important for polarized growth and may be required for an 
interaction with RabA’s (Armstrong, 2012). 
 Building upon the results of this previous work, this study seeks to verify that the 
observed lack of complementation of these three mutants is due to myosin XIa being rendered 
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non-functional, and not due to a lack of expression of mutated myosin. Furthermore, this project 
will generate stable Physcomitrella lines expressing several representative fluorescently-tagged 
Rabs (RabA21, A41, and A53) and characterize the Rab localization in tip-growing cells of 
Physcomitrella patens by confocal microscopy. The results of this study will contribute to future 
work aimed at demonstrating that a direct interaction between myosin XIa and Rab proteins 
occurs in P. patens and that this binding is required for polarized growth, which will be 
important in understanding some of the mechanisms by which this growth process occurs. 
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2. Materials and Methods 
2.1 Myosin XIa Expression 
2.1.1 Generation of Myosin XIa Fusions to 3mEGFP 
 In order to quantify expression levels of the three myosin XIa constructs, each with a 
point mutation in the globular tail domain, mutated myosin constructs were fused with triple 
monomeric enhanced green fluorescent protein, or 3mEGFP, into a destination vector. Plasmids 
with head-neck-coiled-coil (HNC)-globular-tail (gtail) myosin constructs containing the 
mutations in the tail domain were generated previously by mutagenic PCR (Armstrong, 2012). 
To amplify these constructs, each diluted plasmid was used as a PCR template (pB1-MyoHNC-
B5-gtail-_mutation_-B2), using the primers WPI034 and WPI036. The purpose of doing this was 
to transfer the myosin construct to another donor vector in order to be able to insert the 3mEGFP. 
The process used for construct assembly, which is described in this section, is displayed 
schematically in Figure 2.  
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Figure 2: Schematic diagram of the plasmid construction process for the 3mEGFP-tagged myosin XIa 
constructs. Plasmid and insert sizes are not to scale. 
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Primers used in PCR and sequencing are detailed in Table 2.  
Table 2: PCR and Sequencing Primers 
Primer Name Description Used In: 
attB5rMyoXIacDNAnoStop 
(WPI034) 
Generation of MyoXIa in the first 
position vector for 2-way 
Gateway recombination 
PCR of myosin constructs 
Sequence 5’ to 3’: GGGGACAACTTTTGTATACAAAGTTGTAGAATCTGGTTGTGGCATTAG 
attB1MyosXIaHead 
(WPI036) 
Myosin XIa head Forward PCR of myosin constructs 
Sequence 5’ to 3’: GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCGACAGCAGGGAATGTA 
AttB5MyoXIaGlobTail 
(WPI101) 
Forward primer designed to 
clone the globular tail domain of 
P. patens Myosin XIa in the 
second position of 2-fragment 
Gateway system 
Forward primer for sequencing 
of myosin construct entry clones 
Sequence 5’ to 3’: GGGGACAACTTTGTATACAAAAGTTGTGCTGCAATGTGTCATGCAAGAT 
M13 Reverse  
(WPI161) 
Universal reverse primer for 
sequencing from any vector 
containing the N-terminal coding 
sequence of the lacZ gene (Cat. 
No. N530-02) 
Reverse primer for sequencing of 
myosin construct entry clones 
Sequence 5’ to 3’: CAGGAAACAGCTATGAC 
 
PCR reaction products were run on a 0.8% (w/v) agarose gel for 19 minutes at 200V in a 
Liberty80 chamber from Biokeystone Co. using a BioRad 3000Xi electrophoresis power supply. 
PCR product DNA was purified from the gel using the NucleoSpin Extract II kit from Macherey-
Nagel, and quantified using spectrophotometry. 
 Entry clones were generated from the PCR products via a BP reaction, which cloned the 
myosin PCR products into pDONR221 P1P5r (first position on the MultiSite Gateway® system) 
vectors using the MultiSite Gateway® system. BP reactions were performed by mixing 3.5μl of 
the PCR product (at a concentration of approximately 15 ng/μl) with 0.5μl of the pDONR vector 
at 150 ng/μl, then adding 1μl of BP ClonaseTM II enzyme mix and vortexing briefly twice. The 
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mixture was incubated at 25°C for an hour, and stopped by adding 0.5μl of Proteinase K solution 
and incubating at 37°C for 10 minutes.   
Next, E. coli One Shot TOP10 competent cells were transformed with the BP reaction 
product. The bacteria cells were thawed on ice for 5 minutes, after which the entire BP reaction 
was added to 50μl of cells. After 30 minutes on ice, the mixture was heat-shocked at 42°C for 30 
seconds and then placed back on ice for 2-5 minutes. 250μl of sterile liquid LB was then added 
to the mixture, which was subsequently spun on a rotating wheel in a 37°C incubator for an hour. 
The transformation was then spread on plates, pre-warmed to 37°C, containing solid LB medium 
and kanamycin at a concentration of 50μg/ml to select for colonies containing the plasmid. Plates 
were left at 37°C for 12-16 hours and then kept at 4°C. The following day, colonies were picked 
from the plate and grown overnight at 37°C in 2ml of LB broth with kanamycin at 50μg/ml.  
These cultures were used the next day to amplify the DNA via a NucleoSpin Plasmid mini prep 
kit from Macherey-Nagel. The DNA concentration of each plasmid was quantified using a 
NanoDrop spectrophotometer from Thermo Scientific. Absorbance was measured at 260nm, and 
at 280nm to check for contamination by proteins. The conversion factor from 1 optical density 
density (OD) unit to concentration was 50 ng/μl. Plasmids were digested with the restriction 
enzymes AflII and NotI and screened on a 0.8% (w/v) agarose gel. Plasmids from entry clones 
showing the expected bands were sequenced using the forward primer WPI101 and the reverse 
primer M13 reverse (Table 2). 
Entry clone myosin inserts with sequencing results showing the mutation in the 
appropriate location, and with no other mutations, were fused into a destination vector with 
3mEGFP via a MultiSite Gateway® LR reaction. For the LR reaction, the appropriate dilutions 
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and amounts of the destination vector pTHUbiGate in addition to the two entry clone inserts to 
be fused were mixed with 1x TE buffer to a final volume of 4μl. 1μl of LR ClonaseTM II Plus (for 
a half LR reaction) was added to the mixture, which was then vortexed briefly. The reaction was 
left at room temperature for 16 hours. To stop the LR reaction, 0.5μl of Proteinase K solution 
was added and the mixture was briefly vortexed and incubated at 37°C for 10 minutes. 
 LR reaction products were transformed into NEB 5 alpha E. coli high competent cells by 
the same procedure used for transforming cells with the BP reaction products. However, the 
plates on which the transformed cells were grown contained solid LB medium supplemented 
with carbenicillin at a concentration of 100μg/ml, rather than kanamycin. Mini preps were made 
from overnight liquid cultures of LB and carbenicillin (100μg/ml), and these expression clones 
were quantified using the NanoDrop spectrophotometer, which measured the absorbance at 
260nm. Screening was done by restriction digestion with KpnI; digests were run on a 0.8% (w/v) 
agarose gel. To increase the DNA concentration of the samples, maxis preps were made from 
250ml overnight cultures of the correct clones. Maxi preps of the expression clones, named as 
pB1-MyoHNC-B5-gtail-mutation-B5-3mEGFP-B2, were used in transient moss transformations, 
described section 2.1.2. See Figure 3 for a diagram of the myosin XIa construct. 
 
18 
 
Figure 3: Construct diagram of myosin XIa-3mEGFP. HygroR-ORF: hygromyocin resistance open 
reading frame; AmpR-ORF: ampicillin resistance open reading frame. Mutations are contained in the 
MyoXIa-globtail region between the two attB5 sites. 
 
2.1.2 Transient Transformation of Physcomitrella patens with Myosin Constructs 
 Initially, transformations of the myosin-3mEGFP plasmids were made into a P. patens 
myosin RNAi line (MBNLS4), which contains a GFP-GUS reporter and a nuclear localization 
sequence (Vidali et al., 2007). This allows transformed plants to be identified during 
fluorescence microscopy by their silencing of nuclear GFP. Transient transformation was 
performed according to the protocol described in Liu and Vidali (Liu and Vidali, 2011), 
summarized here.  
Week-old moss plants were protoplasted for an hour in a solution of 8% Driselase in 
mannitol to digest the cell walls. The protoplasts were strained through a sterile filter (70μm in 
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diameter) and centrifuged, and then resuspended in 10ml of 8% (w/v) mannitol and centrifuged. 
This mannitol wash was repeated twice more, after which the protoplast concentration was 
determined using a hemocytometer. The protoplasts were resuspended in the appropriate volume 
of MMg buffer to reach a final concentration of 1.6x106 protoplasts/ml. This mixture was left for 
20 minutes at room temperature, during which time 30μg of each DNA construct was added to 
fresh sterile culture tubes. 300μl of protoplasts and 350μl of PEG4000/Ca2+ were added to the 
30μg of DNA. This mixture was incubated for 30 minutes at room temperature, after which it 
was diluted with 1.5ml W5 buffer and centrifuged for five minutes at 250g/700rpm. Finally, the 
supernatant was removed and the cells resuspended in 1ml liquid plating medium (PpNH4/8% 
(w/v) mannitol/10mM CaCl2) and spread on cellophane-covered Petri dishes containing solid 
PRM-B medium. Four days after transformation, the cellophane was transferred to PpNH4 plates 
containing 15mg/L hygromycin, and seven days after transformation, the plates were 
photographed under a stereofluorescence microscope (see section 2.1.4). Table 3 lists the 
composition of media used for moss transformation (Armstrong, 2012). 
Table 3: Transformation Media 
Medium Name Composition  
MMg buffer 0.4M mannitol 
15mM MgCl2  
4mM MES (pH 5.7) 
 
PEG4000/Ca2+ 60% (w/v) PEG4000 
0.8M mannitol 
0.01M CaCl2 
W5 buffer 154mM NaCl 
125mM CaCl2  
5mM KCl 
2mM MES (pH 5.7) 
Plating medium – PpNH4 1.03mM MgSO4 
1.86mM KH2PO4 
3.3mM Ca(NO3)2 
45mM FeSO4 
9.93mM H3BO3 
220nM CuSO4 
1.966mM MnCl2 
231nM CoCl2 
191nM ZnSO4 
169nM KI 
103nM Na2MoO4 
2.72mM diammonium tartrate 
PRM-B PpNH4 with 6% (w/v) mannitol,0.8% (w/v) agar, 10 mM CaCl2 
PRM-T PpNH4 with 6% (w/v) mannitol, 0.6% (w/v) agar, 10 mM CaCl2 
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The transformation procedure was modified slightly for use with a wild type 
Physcomitrella line, Gransden (Gran), instead of MBNLS4. Protoplasting and transformation 
were done in the same manner until the 30-minute incubation step. At this point, protoplasts 
were diluted with 1.5ml of 8% (w/v) mannitol instead of W5 buffer, in order to optimize cell 
survival. Tubes were centrifuged at 250g/700rpm for five minutes, and the supernatant carefully 
discarded. Cells were resuspended in 5ml, instead of 1ml, liquid plating medium (PpNH4/8% 
(w/v) mannitol) with 10mM CaCl2. Finally, rather than plating on cellophane-covered PRM-B 
plates, Gran protoplasts were cultured in this liquid plating medium in the tubes. Tubes were 
taped on their sides and left in the growth chamber for one day. 
2.1.3 Preparation of Gransden Protoplasts for Microscopy 
 For the Gransden line, protoplast culture tubes were removed from the growth chamber 
after one day of incubation. The suspension was centrifuged at 250g/700rpm for five minutes, 
and all but approximately 1ml of the supernatant was removed and discarded. Protoplasts were 
gently resuspended in the remaining 1ml of plating medium. Slides were prepared by affixing an 
approximately 22x22mm square of Parafilm with a circle cut out of the center to a glass 
microscope slide. The Parafilm was sealed to the surface by passing the slide through a flame. 
Approximately 65μl of protoplasts was dropped on the slide, inside the Parafilm circle, using a 
pipette tip with the tip cut off to avoid killing the cells during transfer. A 22x22mm glass 
coverslip was placed on top of the cells. 
2.1.4 Fluorescence Microscopy 
 To observe and photograph transformed plants or protoplasts, a Zeiss SteREO Discovery 
V12 stereofluorescence microscope was used. Photographs were taken using an AxioCamMR3 
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and the imaging software AxioVision. The filters used were: a chlorophyll channel (fluorescence 
cube with a 480/40 bandpass excitation filter, a 505 longpass dichroic mirror, and a 510 longpass 
emission filter), a standard GFP filter cube, and a standard dsRed filter cube. 
Whole plants of the MBNLS4 line were photographed seven days after transformation; 
Gran protoplasts were photographed one day after transformation. For the MBNLS4 plant 
micrographs, a Kramer Scientific 10x objective was used (NA 0.45) with a magnification of 
23.5x. Exposure was set to 1.000ms and the 462x346 bin 3x3 color option was selected in the 
AxioVision software. Photographs were taken using the red (chlorophyll) and green (GFP) 
channels. For the Gran protoplasts, a Zeiss PlanApo 3.5x objective lens was used with a 
magnification of 63x and an exposure of 500ms, using the 462x346 bin 3x3 color option in the 
AxioVision software. Photographs were taken using the red (chlorophyll), green (GFP), and 
orange (dsRed) channels. Photographs were saved as .zvi files and exported as .tif files for 
analysis in ImageJ. 
2.1.5 ImageJ Analysis of Micrographs 
 To quantify the expression of the myosin-3mEGFP constructs, macros were used in 
ImageJ to measure GFP fluorescence on the green channel. For the complementation 
experiments in the MBNLS4 line, the macro “MeasureGFPintesity_use_red_for_threshold_ 
V1.2” was used, which allowed the images of the plants to be “shaved” from the background and 
the myosin GFP fluorescence to be thresholded on the chlorophyll channel and measured on the 
green channel photograph (see Appendix I for the full text of the macro). The macro outputted 
the mean gray value (average fluorescence) of each plant.  
22 
To measure the GFP fluorescence in the Gran protoplasts, the macro “MeasureGFP 
intesity_in_protoplast_V1.0” was used, which measured GFP fluorescence on the green channel 
but first subtracted the data from the orange channel to avoid measuring the fluorescence of dead 
cells (see Appendix I for the full text of the macro). To make these measurements, the red, green, 
and orange images for one micrograph were opened in ImageJ in that order. The macro was run, 
and on the output image created by the macro, individual cells were selected using either the 
“magic wand” tool or by drawing an ellipse around the cell, and added to the ROI manager. The 
green image was then selected, and each cell in the ROI manager was selected and the “measure” 
function was used to determine the fluorescence of the cell on the green channel image. The 
mean gray value (average fluorescence) and the cell area value were outputted in the results 
window and copied into Excel to be saved. 
2.1.6 Statistical Analysis of Fluorescence Data  
 To analyze the MBNLS4 plant fluorescence data generated by the “MeasureGFPintesity_ 
use_red_for_threshold_V1.2” ImageJ macro, for each experiment, the average fluorescence 
value of each condition was calculated in the statistics program Origin. The standard deviations 
around these means were also calculated and the results are presented, by experiment, in Table 4 
in Results. 
To analyze protoplast fluorescence data generated by the “MeasureGFPintesity_in_ 
protoplast_V1.0” ImageJ macro, Origin was also used. Fluorescence values for individual 
protoplasts were averaged for each experiment and the means by date were organized into a new 
sheet. The mean for each condition and the standard error around each mean were calculated on 
the daily means. It was chosen not to normalize the data to the control (MyoXIa-3mEGFP) so 
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that statistical tests could be run without error that would be introduced by having a set of mean 
values equal to 1 for the control condition. 
Statistical tests were performed on only the Gran protoplast fluorescence data because 
this method generated more reliable data. The statistical tests were done in GraphPad Prism®. A 
D’Agostino-Pearson omnibus normality test was done on each condition to determine if the data 
was normally distributed. A Kruskal-Wallis test was done on the means for each experiment, and 
a Dunn’s test compared the “mean rank of each column with the mean rank of every other 
column.” The latter two tests generated p-values which indicated whether or not the means were 
significantly different from one another at a confidence level of 0.05. 
2.2 Rab Protein Localization 
2.2.1 Generation of Rab Fusions to 3mEGFP and 3mCherry 
To study the localization of Rabs within tip-growing Physcomitrella patens cells, as well 
as for future use in generating a double line expressing fluorescently-tagged myosin and Rab, 
three representative Rabs were fused into destination vectors with 3mEGFP and separately with 
3mCherry. RabA21, RabA41, and RabA53 constructs were cloned into the donor vector 
pDONR221 P5P2 (second position on the MultiSite Gateway® System) by BP reactions and 
subsequent E. coli transformations in the same manner as was done for the myosin constructs 
(section 2.1.1). The RabA21 entry clone was screened by restriction digestion with AflII and 
EcoRV. To screen the RabA53 entry clone, the restriction enzymes AflII, MfeI, and NotI were 
used. Restriction digests were run on a 0.8% (w/v) agarose gel for 19 minutes at 200V, and 
clones showing the expected profile were sequenced. 
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Entry clone Rab inserts were combined into a destination vector, pTHUbiGate, with 
3mEGFP and 3mCherry via MultiSite Gateway® LR reactions. LR reaction products were 
transformed into NEB 5 alpha E. coli high competent cells in the same manner as was done for 
the myosin constructs (section 2.1.1). Expression clones were quantified using the NanoDrop 
spectrophotometer, as before. 3mEGFP-RabA21 plasmids were screened by restriction digestion 
with the restriction enzyme BglII and separately with KpnI and NheI. 3mCherry-RabA21 
plasmids were screened by restriction digestion with KpnI and NheI.  Restriction digests were 
run on a 0.8% (w/v) agarose gel for 19 minutes at 200V. As before, maxi preps were made from 
clones showing the expected profile. Maxi preps of the expression clones were used in stable 
moss transformations, described in the next section. 
2.2.2 Stable Transformation of Physcomitrella patens with Rab constructs 
 To generate stable lines of Physcomitrella patens expressing fluorescently tagged Rab 
proteins, the standard transformation procedure (section 2.1.2) was used, with several 
modifications. Specifically, before the transformation was begun, a restriction digestion of the 
DNA to be transformed was done using the enzyme SwaI in order to linearize it for incorporation 
into the P. patens genome. For this procedure, 120μg of DNA and 60μl of NEB Buffer 3 were 
mixed with water to a final volume of 590μl. 10μl of the SwaI enzyme was then added and the 
mixture incubated at room temperature for 2-4 hours. 60μl of 3M sodium acetate (pH 5.2) was 
added and the mixture was split into two tubes (about 330μl of mixture in each). 800μl of 
Absolute Ethanol was added to each tube and the mixtures were incubated at -30°C for at least 
30 minutes. The digestions were then centrifuged at top speed for 5 minutes, the supernatants 
decanted, and 500μl of 70% ethanol was added to each tube. After a second top-speed 
centrifugation for 5 minutes, the supernatant was again decanted in the laminar flow hood and 
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the pellets dried in the laminar flow hood for at least 10 minutes. Finally, the pellets were each 
resuspended in 50μl of sterile TE buffer and incubated at 37°C for 10 minutes, then at room 
temperature for 10 more minutes and kept at 4°C overnight. One tube was used for one stable 
transformation.  
For the stable transformation, after the 20-minute incubation step, twice the amount of 
protoplasts and DNA were used as compared to transient transformation: 600μl of protoplasts 
were added to 60μg of SwaI-digested DNA. Other amounts were also doubled: 700μl of 
PEG4000/Ca2+, 3ml of W5 medium, and 2ml of solid plating medium were used. For these stable 
transformations, the plating medium was PRM-T/CaCl2 with 0.6% agar (Table 3). One ml of 
each transformation mixture was spread in each of two cellophane-covered PpNH4 plates and 
kept in the growth chamber for four days, after which the cellophane was transferred to selective 
PpNH4 medium containing 15mg/L hygromycin. A week later, the cellophane was transferred 
back to non-selective PpNH4, and a week after that, it was placed back on hygromycin selection. 
After a week on this final selection plate, live, green plants were sterilely picked from the plate 
to a “master” PpNH4 plate containing 15mg/L hygromycin. This master plate corresponded to a 
grid which assigned a number to each plant. The plants growing on this plate were numbered 
according to this system, and 10-12 were chosen to be ground in 1ml of water and spread onto a 
small PpNH4 plate and a small PpNO3 plate each, and afterwards expanded to larger PpNH4 
plates (for maintenance of the line) and PpNO3 plates (for microscopy screening). 
2.2.3 Screening of Rab Lines Using Confocal Microscopy  
 Confocal microscopy was used to screen moss lines expressing 3mEGFP-tagged RabA21 
proteins. Images were taken using a SP5 confocal microscope (Leica) using the 488 laser line. 
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Emission filters were tuned from 500-550 nm. All images (512x512 pixels) were acquired 
simultaneously at 400 or 700 Hz with a HCX-PL-Apo, 63x, NA1.4 lens (Leica). Z-stacks of 
seven optical slices, 0.5μm apart, were collected at 5-second intervals for a total duration of 5 
minutes. To reduce photodamage, the total laser power was kept at 5% for the 488 nm line. 
Several movies of the 3mEGFP-RabA21-line 7 and line 10 were taken, and images from these 
movies were processed in ImageJ to display the Rab localization in the 16-color (rainbow) 
lookup table format, in addition to the corresponding brightfield image of the growing cell. 
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3. Results 
3.1 Generation and Screening of Fluorescently Tagged Myosin Tail Constructs 
 The myosin XIa globular tail constructs with the non-complementing mutations of 
interest (F1379R, V1418R, and V1422R) were each fused to a fluorescent tag (3mEGFP) to 
quantify expression levels. The purpose of doing so was to determine if they caused a loss of 
polarized growth in complementation experiments due to specific effects of the mutations or due 
to a lack of protein expression. In addition, a third construct with a fully complementing 
mutation, L1306R, was used as a control. First, to amplify the myosin constructs with new Att 
sites, PCR was performed using dilutions of plasmids containing these constructs as templates 
(see section 2.1.1). The gel photographs are shown in Figure 4. The V1418R construct was 
amplified previously, so PCR for only the other three constructs is shown. 
      
Figure 4: Myosin mutant PCR products run on a 0.8% (w/v) agarose gel. Base pairs sizes of the ladder are 
shown on the left. 
 
 As expected, the amplified band for each construct was about 4700bp, corresponding to 
full length cDNA of about 4600bp and 3 Att sites totaling an additional 100bp. PCR product 
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bands were cut out of the gel, purified, and used in BP reactions to insert each construct into the 
pDONR221 P1P5r vector. BP reaction products were transformed into E. coli, isolated by a mini 
prep, screened, and sequenced as described in section 2.1.1 (data not shown). To fluorescently 
tag each myosin construct so that expression levels could be studied, LR reactions to fuse the C-
terminus of each construct to 3mEGFP into a pTHUbiGate destination vector were performed. 
LR reaction products were transformed into E. coli, isolated by a mini prep, and screened on a 
0.8% (w/v) agarose gel after restriction digestion with KpnI. Gel photos for some of the LR 
products are shown in Figures 5 and 6. 
 
Figure 5: Expression clones (1-4) containing the V1418R-3mEGFP myosin construct, digested with KpnI 
and run on a 0.8% (w/v) agarose gel. NC: non-cut. 
 
 In Figure 5, it can be seen that clones 1-3 of the V1418R-3mEGFP myosin construct 
showed the expected profiles with bands at 2999bp, 6046bp, and 8250bp. Clone 1 was selected 
for making the maxi prep used in transient moss transformation. Figure 6 shows a similar gel 
screening photograph for several clones of the myosin constructs F1379R-3mEGFP, L1306R-
3mEGFP, and V1422R-3mEGFP, which were also digested with the restriction enzyme KpnI. 
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Figure 6: Screening of expression clones of F1379R (1-3), L1306R (clone 4), and V1422R (clone 4) 
myosin constructs, each tagged with 3mEGFP. Samples were digested with KpnI and run on a 0.8% (w/v) 
gel. 
 
 As with the V1418R-3mEGFP construct, all clones for the constructs shown in Figure 6 
had the expected profile (bands at 2999, 6046, and 8250) except for clone 2 of F1379R-
3mEGFP. Maxis were made from clones with the correct restriction digestion pattern and/or the 
highest DNA concentration as determined by spectrophotometry. Fluorescently-tagged myosin 
constructs with the desired mutation in the globular tail were used in transient moss 
transformations. 
3.2 Myosin Expression of Transformed MBNLS4 Plants 
 The MBNLS4 P. patens line, which expresses a nuclear GFP, was transiently 
transformed with a myosin RNAi construct and tested for complementation of the RNAi 
phenotype by simultaneous transformation with a myosin construct containing one of the 
mutations of interest. A positive RNAi control (pUGi) was used in transformation. Transformed 
plants were identified in fluorescence microscopy by their silencing of nuclear GFP, which is 
normally present in the MBNLS4 moss but is silenced in RNAi plants. The strategy was to 
perform complementation of the myosin RNAi control (MyoUTi) using the following constructs: 
a 3mEGFP-tagged myosin cDNA construct, a non-fluorescent wild-type myosin construct, and 
F1379R-3mEGFP                               L1306R-         V1422R- 
         (1)               (2)               (3)          Ladder    3mEGFP (4)   3mEGFP (4) 
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the 3mEGFP-tagged V1418R myosin mutant. Photographs were taken on the red, or chlorophyll, 
channel, to show live, transformed plants, and on the green channel to measure myosin GFP 
fluorescence. Figure 7 shows some representative micrographs of plants from these 
complementation experiments.  
  
  
  
Figure 7: Representative micrographs of week-old transformed RNAi plants taken on the chlorophyll 
channel (left column) and green channel (right column). Bar represents 100μm. 
 
Myosin GFP fluorescence appeared to be very low in the micrographs of the RNAi 
experiment plants. As can be seen in Figure 7, the higher fluorescence signals came from cellular 
debris and from the background material on which the plants were plated. Although the GFP 
signal was not detectable visually, there was a possibility that a signal could be measured 
Myosin RNAi + MyoXIa-
HNCgtail-3mEGFP 
Myosin RNAi + 
MyoXIa-HNCgtail 
Myosin RNAi + 
MyoXIa-HNCgtail-
V1418R-3mEGFP 
Myosin RNAi + MyoXIa-
HNCgtail-3mEGFP 
Myosin RNAi + 
MyoXIa-HNCgtail 
Myosin RNAi + 
MyoXIa-HNCgtail-
V1418R-3mEGFP 
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quantitatively, so the macro “MeasureGFPintesity_use_red_for_threshold_V1.2” was used in 
ImageJ (Appendix I). For the three experiments that were done in this way, this macro was used 
to calculate the average fluorescence value of each plant. The mean fluorescence values for each 
condition were then calculated in Origin and are presented in Table 4 by experiment (1, 2, and 3) 
plus or minus the standard deviation. In addition, the number of plants measured (N) is presented 
in the table. Of the three mutated constructs of interest, only the MyosinXIa-HNCgtail-V1418R-
3mEGFP construct was used in these complementation transformations. The reason for this is 
because the experimental methodology was switched before the other constructs were generated, 
due to high background fluorescence obscuring trends in myosin fluorescence. 
Table 4: Mean Fluorescence Values for RNAi Complementation Experiments 
   Myosin RNAi + 
 Myosin RNAi 
control (MyoUTi) 
Positive RNAi 
control (pUGi) 
MyosinXIa-
HNCgtail-
3mEGFP 
MyosinXIa-
HNCgtail 
MyosinXIa-
HNCgtail-
V1418R-3mEGFP 
 Fluor. ± SD N Fluor. ± SD N Fluor. ± SD N Fluor. ± SD N Fluor. ± SD N 
1 384.1 ± 59.1 10 435.8 ± 31.6 8 583.8 ± 
158.1 
25 376.7 ± 35.6 18 --- -- 
2 549.7 ± 107.5 8 499.5 ± 72.6 11 584.1 ± 
89.9 
22 517.9 ± 49.9 16 496.0 ± 60.8 19 
3 615.6 ± 80.6 11 743.8 ± 
115.0 
9 581.7 ± 
100.0 
12 532.4 ± 51.1 17 575.5 ± 59.3 21 
(fluor.: fluorescence; SD: standard deviation) 
 
 While the data from these transformations seemed to indicate that the V1418R myosin 
construct may express at similar levels as the complemented 3mEGFP-tagged wild-type myosin 
XIa, in general, the myosin fluorescence in the plants exhibited a wide range of values with large 
standard deviations and variations from experiment to experiment. Also, compared to the auto-
fluorescence of the cellophane on which the plants were plated, the myosin fluorescence was too 
low to properly analyze. Because the background fluorescence levels from this cellophane were 
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so high, and due to the risk of measuring some of this fluorescence in the macro even after the 
plants were “shaved” from the background, it was decided to measure the fluorescence levels of 
the constructs in protoplasts of wild-type Gransden P. patens instead. 
3.3 Myosin Expression of Transformed Gransden Protoplasts 
  To analyze protoplast fluorescence, wild-type Gransden (Gran) moss was chosen instead 
of the MBNLS4 line, because it does not contain a nuclear GFP signal. Because the protoplasts 
are only cultured for a day, observation of the whole plant phenotype using a complementation 
assay is not required for this method and therefore the RNAi construct MyoUTi is not necessary. 
After a day of culture in liquid plating medium in the growth chamber, the transformed Gran 
protoplasts can be plated on clear glass microscope slides (section 2.1.3), thus reducing 
background fluorescence levels, and photographed in a similar manner as was done for the 
MBNLS4 plants. Figures 8, 9, and 10 display some representative micrographs of protoplasts 
transformed with each construct.  
Figure 8 shows the experimental controls, no DNA and 3mEGFP. Non-transformed 
protoplasts (no DNA) were photographed in order to determine the fluorescence threshold for the 
transformed cells. In other words, the highest fluorescence level of the “no DNA” cells for each 
experiment was used as the cut-off point for the other conditions, below which it was assumed 
that the cells were not transformed or not expressing the fusion protein. The fluorescence values 
of these “negative” cells were not included in the data sets for those conditions. At the other end 
of the spectrum, protoplasts transformed with 3mEGFP alone were used in the first few 
experiments to visualize and quantify the highest expected level of fluorescence, because the 
3mEGFP is highly expressed in the cytoplasm of the cells. Photographs were taken using 
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fluorescence microscopy on the chlorophyll (red), green (GFP), and orange (dsRed) channels, to 
show live cells, expressing (fluorescing) cells, and dead cells, respectively. 
   
   
Figure 8: Representative micrographs of experimental controls, taken on the red (chlorophyll; a, d), GFP 
(green; b, e), and dsRed (orange; c, f) channels. (a)-(c) No DNA; (d)-(f) 3mEGFP. Arrows on the 
chlorophyll channel indicate transformed cells. Bar represents 50μm. 
 
 As expected, the “no DNA” cells had very little GFP signal on the green channel (Figure 
8b), despite a strong presence of live cells on the chlorophyll channel (Figure 8a), because they 
were not transformed with anything. The 3mEGFP cells were very strongly fluorescent, enough 
that GFP fluorescence could be easily seen on the chlorophyll channel (Figure 8d, arrows) in 
addition to on the GFP channel (Figure 8e). The 3mEGFP condition was only tested in the first 
two transformation experiments, because the fluorescence levels tended to saturate on the green 
channel. 
Figure 9 shows similar micrographs of the other two fluorescence controls, MyoXIa-
HNCgtail-3mEGFP (fluorescently-tagged wild-type myosin) and myosin L1306R-3mEGFP (a 
a     b        c 
d     e        f 
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mutation with no effect on growth phenotype, as shown previously by complementation testing) 
(Armstrong, 2012). The fully complementing mutated myosin, L1306R, was chosen as a control 
because like the mutants of interest in this study, it contains an additional attb5 site between the 
myosin and the 3mEGFP. If this site were to have an effect on expression levels, the L1306R 
control would allow a fair comparison to be made to the other constructs. This control was 
expected to fluoresce at a comparable level to the wild-type myosin XIa, and both were expected 
to have lower fluorescence than the 3mEGFP control but greater than the “no DNA” control. 
   
   
Figure 9: Representative micrographs of fluorescence controls, taken on the red (chlorophyll; a, d), GFP 
(green; b, e), and dsRed (orange; c, f) channels. (a)-(c) MyoXIa-HNCgtail-3mEGFP; (d)-(f) MyoXIa-
HNCgtail-L1306R-3mEGFP. Arrows on the chlorophyll channel indicate transformed cells. Bar 
represents 50μm. 
 
Of each field of view containing clusters of live cells, only a few tended to be 
transformed, and the transformed cells were not readily apparent on the chlorophyll channel. As 
expected, then, the myosin fluorescence of the two controls of Figure 9 was less than that of 
3mEGFP alone but still visually identifiable on the green channel. 
a     b        c 
d     e        f 
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In Figure 10, the experimental conditions are shown. These are the constructs whose 
expression levels were of interest: 3mEGFP-tagged myosin with the mutations V1418R, 
V1422R, and F1379R in the globular tails. If the mutations did not cause a lack of protein 
production or expression, it was hypothesized that the fluorescence of these cells would be the 
same as that of the wild-type myosin and the L1306R myosin construct. However, if the 
mutations caused a loss of polarized growth in complementation experiments because myosin 
was not being produced or expressed, then the expression levels were expected to be lower than 
those of the two fluorescence controls. 
   
   
   
Figure 10: Representative micrographs of experimental conditions, taken on the red (chlorophyll; a, d, g), 
GFP (green; b, e, h), and dsRed (orange; c, f, i) channels. (a)-(c) MyoXIa-HNC-gtail-V1418R-3mEGFP; 
(d)-(f) MyoXIa-HNC-gtail-V1422R-3mEGFP; (g)-(i) MyoXIa-HNC-gtail-F1379R-3mEGFP. Arrows on 
the chlorophyll channel indicate transformed cells. Bar represents 50μm. 
a     b        c 
d     e        f 
g     h        i 
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 Visually, the micrographs of Figure 10 seemed to indicate that each construct was 
expressing at a level relatively similar to the wild-type myosin XIa and to the L1306R myosin 
control. As was seen for the controls, there were only a few cells transformed with the mutated 
constructs of interest in each field, and they were only identifiable on the green channel. In order 
to quantify and compare expression levels for each condition, the macro “MeasureGFPintesity_ 
in_protoplast_V1.0” was used in ImageJ (Appendix I). This macro measured the mean gray 
value (fluorescence) of each cell on the green channel as well as the area of each cell. The 
average fluorescence of the protoplasts in each condition, by date, was calculated. The mean of 
the daily averages was then calculated for each condition (Table 5). 
Table 5: Average Fluorescence Values of Transformed Gransden Protoplasts 
 Condition 
Date 3mEGFP No DNA Myo V1418R V1422R L1306R F1379R 
121102 2411.14 217.5545 1053.456 861.2025    
121106 2674.57 215.3346 1075.958 712.9423    
121114  234.2644 661.8304 714.6711    
121204  213.2753 347.3329 396.849    
130201  255.3348 1573.903 1132.378 1218.086 1599.851  
130208  231.7447 1262.034 1129.549 994.860 1051.833 575.3336 
130214  212.7547 1296.752 920.6554 962.0236 911.0808 907.1775 
130219  217.9531 902.0536 637.1515 585.0285 778.2296 350.036 
130221  187.4941 611.1201 545.2455 589.5989 641.5491 416.3604 
130228  219.2823 1020.221 515.4255 950.8163 1214.586 603.4689 
Mean 2542.8547 220.4992 980.4661 756.6070 883.4023 1032.8550 570.4753 
 
The mean fluorescence values are plotted in the graphs of Figure 11 (all conditions that 
were tested) and Figure 12 (all conditions excluding the 3mEGFP and “no DNA” conditions).  
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Figure 11: Graph of mean fluorescence values for all conditions tested. Bars show standard error of the 
mean. Myo: wild-type myosin XIa-HNCgtail-3mEGFP; all mutations listed indicate 3mEGFP-tagged 
myosin constructs with these mutations. 
 
 Because for statistical analysis, only the wild-type myosin XIa and the constructs with the 
globular tail mutations were of interest, the fluorescence of these five conditions was plotted 
separately (Figure 12). 
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Figure 12: Graph of mean fluorescence values for the five conditions of interest: 3mEGFP-tagged wild-
type myosin XIa and 3mEGFP-tagged myosin tail constructs with the mutations indicated. 
 
 To determine if there were any significant differences between fluorescence levels, and 
thus, myosin expression levels, of the different constructs, several statistical tests on the five 
conditions shown in Figure 12 were performed. First, a D’Agostino-Pearson omnibus normality 
test was performed to determine if the data for each condition was normally distributed. The 
conditions Myo and V1418R were found to be normally distributed (p>0.05), however, this test 
requires a minimum of eight values to compute normality and because there were fewer than 
eight experiments with each of the other three conditions, normality could not be determined for 
V1422R, L1306R, or F1379R. The results of the D’Agostino-Pearson omnibus normality test are 
displayed in Table 6.  
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Table 6: D’Agostino-Pearson Omnibus Normality Test of Protoplast Fluorescence Data 
Condition Myo V1418R V1422R L1306R F1379R 
N 10 10 6 6 5 
P-value 0.09974 0.6963 N too small N too small N too small 
Normally 
distributed? 
Yes Yes    
 
Because it could not be concluded that all data sets were normally distributed, it was 
decided to use a non-parametric test for the remainder of the statistical analysis. Specifically, a 
Kruskal-Wallis test, which is a non-parametric equivalent of an ANOVA, was used to compare 
experimental conditions. This analysis generates a p-value which indicates whether there are any 
statistically significant differences between data sets. With a p-value of 0.0688, the data sets 
were found to not vary from one another significantly (Table 7). 
Table 7: Kruskal-Wallis Test of Protoplast Fluorescence Data 
P value 0.0688 
Exact or approximate P value? Approximate 
P value summary ns 
Do the medians vary signif. (P < 0.05) No 
Number of groups 5 
Kruskal-Wallis statistic 8.708 
 
Furthermore, a Dunn’s test was used to compare each condition to every other condition. 
This test found no significant differences between any conditions (Table 8). 
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Table 8: Dunn’s Test of Protoplast Fluorescence Data 
Dunn's multiple comparisons test Mean rank diff. Significant? Adjusted P Value 
Myo vs. V1418R 7.5 No > 0.9999 
Myo vs. V1422R 2.967 No > 0.9999 
Myo vs. L1306R -1.2 No > 0.9999 
Myo vs. F1379R 14.7 No 0.1319 
V1418R vs. V1422R -4.533 No > 0.9999 
V1418R vs. L1306R -8.7 No > 0.9999 
V1418R vs. F1379R 7.2 No > 0.9999 
V1422R vs. L1306R -4.167 No > 0.9999 
V1422R vs. F1379R 11.73 No 0.7349 
L1306R vs. F1379R 15.9 No 0.1531 
 
 Based on the statistical analyses of protoplast fluorescence, it appears as though there are 
no significant differences in expression levels among any of the myosin constructs, including the 
two controls: wild-type myosin XIa and the fully complementing L1306R mutation. Therefore, it 
is likely that the differences in complementation ability are due to specific effects of the 
mutations rather than myosin expression levels. This further confirms the hypothesis that these 
residues are important for myosin XIa function in polarized growth and potentially for an 
interaction with Rab proteins in Physcomitrella patens. 
3.4 Phylogeny of Rab Proteins in Physcomitrella patens 
In addition to the expression levels of myosin with mutations in key residues of the 
globular tail, the localization of a Rab protein was also studied, due to the posited interaction 
between myosin and Rabs. The purpose of this experiment was to generate fluorescently tagged 
Rab moss lines and to see if Rab localization is the same as that of myosin XIa, which gathers at 
the tips of growing protonemal cells (Furt et al., 2013). This would be an additional indication of 
Rab and myosin XIa working together in tip growth. Based on the known or predicted functions 
of Rabs in Arabidopsis thaliana, it was decided to study the localization of RabA’s in P. patens, 
41 
as this family of Rabs is involved with post-Golgi vesicles in the trans-Golgi network (Vernoud 
et al., 2003) and tip growth in higher plants (de Graaf et al., 2005; Preuss et al., 2004; 
Szumlanski and Nielsen, 2009). A phylogenetic tree of an alignment of RabA’s in P. patens, A. 
thaliana, and several other organisms was generated using the programs VectorNTI® and 
Geneious (Figure 13). 
 
Figure 13: Phylogenetic tree of aligned Rabs from P. patens and A. thaliana. Representative 
Physcomitrella Rabs used in this project are boxed (RabA21, RabA41, and RabA53) and bracketed with 
the other members of each family in Arabidopsis and Physcomitrella. All nodes have a bootstrap support 
value of 50% or more. 
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There are three groups of RabA’s in P. patens. Of these groups, there are some members 
that are known in Arabidopsis, tobacco, yeast, and human. The clade of P. patens RabA2 
belongs to the same group as Arabidopsis RabA1 and human Rab11 which are involved in the 
trans-Golgi network and post-Golgi vesicles (Vernoud et al., 2003). Based on the phylogenetic 
tree, RabA21, RabA41, and RabA53 were chosen to be fluorescently tagged with 3mEGFP and 
3mCherry and stably transformed into Physcomitrella to study localization. 
3.5 Generation and Screening of Fluorescently Tagged Rab Proteins 
As a first step to generating stably expressing Rab moss lines, the chosen Rab constructs 
were cloned into the pDONR221 vector by a BP reaction as described in section 2.2.1. Several 
entry clones of RabA21 were screened by restriction digestion with AflII and EcoRV (Figure 
14).  
  
Figure 14: Screening of one RabA21 entry clone, digested with AflII and EcoRV and run on a 0.8% (w/v) 
agarose gel. 
 
The RabA21 entry clone shown in Figure 14 exhibited the expected fragment sizes: a 
doublet consisting of bands at 1921bp and 2317bp. Entry clones of RabA53 were screened by 
restriction digestion with AflII, MfeI, and NotI (Figure 15). 
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Figure 15: Screening of RabA53 entry clones 2-4, digested with AflII, MfeI, and NotI and run on a 1% 
(w/v) agarose gel. 
 
Each entry clone of RabA53 showed the expected profile with fragments of sizes 580bp, 
1514bp, and 2326bp. Clone 2 was sequenced and used in LR reactions to fuse RabA53 to 
3mEGFP and 3mCherry at the N-terminus in the destination vector pTHUbiGate. Similarly, 
RabA21 was fused to 3mEGFP as well as to 3mCherry in pTHUbiGate backbones by LR 
reactions (section 2.2.1). The resulting expression clones of 3mEGFP-RabA21 were screened by 
restriction digestion with BglII and separately with KpnI and NheI (Figure 16).  
  
Figure 16: Screening of 3mEGFP-RabA21 clones 1 and 2, each digested with BglII (B) or KpnI and NheI 
(K/N). NC: non-cut. Samples were run on a 0.8% (w/v) agarose gel.  
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 For the 3mEGFP-RabA21 clones, the expected band sizes for digestion with BglII were 
3771bp and 10570bp, as exhibited by the BglII digest of clone 1. Restriction digestion with KpnI 
and NheI was expected to produce fragments of sizes 519bp, 2999bp, 4414bp, and 6409bp. This 
pattern was observed for the clone 1 digestion with these enzymes. Because clone 1 had better 
profiles in both types of digestion, it was chosen for use in making maxi preps of the plasmid. 
3mCherry-RabA21 clones were also screened by restriction digestion with KpnI and 
NheI (Figure 17). 
 
Figure 17: Screening of 3mCherry-RabA21 expression clones 1-4, digested with KpnI and NheI and run 
on a 0.8% (w/v) agarose gel. 
 
 As for the 3mEGFP-RabA21 expression clones, the 3mCherry-RabA21 constructs were 
expected to produce fragments of 519bp, 2999bp, 4414bp, and 6409bp when digested with KpnI 
and NheI. Clones 2 and 3 of this construct showed the expected profile. 
3.6 Confocal Microscopy of Rab Protein Localization 
Once the appropriate 3mEGFP- and 3mCherry-tagged Rab constructs were generated and 
stably transformed into wild-type Gran P. patens, growing plants were observed under the 
confocal microscope to observe Rab localization. The tips of growing caulonema cells were 
focused on because this is where myosin and actin accumulate (Furt et al., 2013). Here, the 
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screening of 3mEGFP-RabA21-lines 7 and 10 (lines generated from particular transformed 
plants, numbered 7 and 10) are shown (Figures 18 and 19). 
  
  
Figure 18: 3mEGFP-RabA21-line 7 localization, as observed by confocal microscopy and shown in 16-
color format (top) and brightfield (bottom). The intensity (top) is shown as colors using a “rainbow” 
lookup table where the high intensity is represented by warm colors (maximum white, then red, etc.) and 
the lower intensity is represented by cooler colors (minimum black, then blue, etc.). 
 
 The 3mEGFP-tagged RabA21 of line 7 shows strong tip accumulation, as well as 
accumulation in several discrete points within the growing cell. Similarly, RabA21 in line 10 
from this stable transformation showed strong tip localization (Figure 19). 
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Figure 19: 3mEGFP-RabA21-line 10 localization, as observed by confocal microscopy and shown in 16-
color format (top) and brightfield (bottom). The intensity (top) is shown as colors using a “rainbow” 
lookup table where the high intensity is represented by warm colors (maximum white, then red, etc.) and 
the lower intensity is represented by cooler colors (minimum black, then blue, etc.). 
 
 The strong tip localization of a representative RabA21, which mimics the accumulation 
of myosin XIa in the tips of growing cells (Furt et al., 2013), provides evidence for the 
involvement of Rabs in polarized tip growth of P. patens. Coupled with confirmation of the 
protein expression of the mutated myosin constructs, this study provides further evidence to 
support the hypothesis that myosin XIa interacts directly with Rab proteins during polarized 
growth, and that the residues V1418, V1422, and F1379 may be critical as binding sites for this 
interaction. 
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4. Discussion and Suggestions for Future Study 
 Myosin is a molecular motor which is essential to polarized tip growth in Physcomitrella 
patens. Myosin XI in moss may transport vesicles containing cell wall and membrane materials 
to the tips of the expanding cells by movement along actin filaments in the cytoskeleton. It has 
been hypothesized that the transport of these secretory vesicles by myosin occurs through an 
interaction of myosin XIa with a type of small GTPase, the Rab protein. This interaction has 
been demonstrated in several animal and yeast systems, but in plants, the Rab that may bind 
myosin has yet to be identified and its posited function in tip growth has yet to be demonstrated. 
The results of previous studies have demonstrated that three residues in the myosin globular tail, 
V1418, V1422, and F1379, may be vital to polarized growth, as each fails to rescue a myosin XI 
RNAi knockdown phenotype when mutated to an arginine (Armstrong, 2012). This study sought 
to confirm that the observed lack of complementation of mutated myosin constructs was due to 
specific effects of the point mutations, and not due to lack of protein expression.  
The results of this study indicate that the previously identified mutations in the myosin 
globular tail are likely in locations important to polarized growth. In particular, statistical 
analyses demonstrated no significant differences between the fluorescence levels of moss 
transiently transformed with wild-type myosin XIa, a fully complementing mutated construct, 
and the three mutated constructs whose expression levels were of interest. These myosin 
constructs were previously shown to fail to rescue a myosin XIa knockdown phenotype in 
complementation experiments, a result exhibited by a loss of polarized growth. Because this 
phenotype could be a result of several variables, it was important to rule out one of these by 
confirming that the myosin was in fact being expressed. This study’s demonstration of the 
expression patterns of the myosin constructs provides further evidence for the fact that the 
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previously observed phenotype is an effect of the point mutations. Because these mutations 
disrupt polarized growth, they could be in a site where myosin interacts with a mediator of 
polarized growth, such as Rab proteins. However, before a direct interaction can be confirmed, 
there are several other factors which must be taken into consideration. 
 While a Dunn’s test found no statistically significant differences between the expression 
levels of any of the conditions, the expression of the F1379R mutant seemed to vary more than 
the other mutants from experiment to experiment, resulting in a lower average fluorescence for 
this construct. Additionally, the fewest number of experiments were performed with this 
construct. Therefore, to confirm that the expression level was comparable to that of wild-type 
myosin, more experiments need to be done with all of the constructs, but in particular with 
F1379R. 
Myosin expression seemed to vary by experiment and among constructs – although the 
differences were not statistically significant, the mutated myosins tested (V1418R, V1422R, and 
F1379R) generally had a slightly lower fluorescence than wild-type or L1306R myosin. A 
hypothesis that could explain this is that the plant still contains endogenous myosin, and 
therefore it may down-regulate the expression of the transformed, mutated, constructs. However, 
it is possible that if the amount of DNA used in the transformations was varied, the expression 
levels could be equalized among constructs. For example, if the expression level of the F1379R 
myosin could be raised to the level of the other constructs by using more than 30μg of DNA in 
the transformation, it would more strongly suggest that the residue is important in polarized 
growth and its failure to rescue a myosin knockdown phenotype is not due to a lack of protein 
expression.  
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Once the correct amounts of DNA to equalize expression levels among constructs are 
determined, transformations with those amounts could be performed in the MBNLS4 
Physcomitrella line, in order to couple the expression data with the complementation data. This 
would allow complementation phenotypes to be observed in plants that are expressing mutated 
myosin at equal levels. To overcome the problem of high cellophane background fluorescence 
obscuring myosin fluorescence, plants could be transferred from cellophane to clear glass 
microscope slides prior to microscopic analysis. 
Because Rab proteins may interact with myosin to deliver secretory vesicles to the ends 
of tip-growing cells, Rab localization was studied to complement the data on myosin expression. 
RabA21 tagged with 3mEGFP was found to strongly localize to the apical region of tip-growing 
protonemal cells, which is similar to the localization of myosin XIa and actin (Furt et al., 2013). 
This evidence of tip localization implicates RabA21 in polarized growth processes in P. patens. 
Taken together, the data on myosin expression and Rab localization provides further support for 
the hypothesis that RabA’s interact with myosin XIa at one or more of the identified sites to 
mediate polarized growth.  
There are several other experiments that should be done to validate the results of this 
study and to confirm a direct interaction between myosin XIa and Rabs in Physcomitrella patens. 
A double-line of Physcomitrella expressing fluorescently tagged myosin XIa and Rab could be 
created to visualize the cellular localization of both types of proteins in the same cell. A 
fluorescence activated cell sorter (FACS) would be a more automated way of measuring cell 
fluorescence and could be used to confirm the observed myosin expression patterns. To study the 
dynamics of Rab proteins in relation to the cytoskeleton, cellular actin could be eliminated with a 
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depolymerizing agent and fluorescently-tagged Rabs could be observed by confocal microscopy. 
The behavior of Rabs when actin is disrupted could be compared to myosin dynamics under the 
same circumstances. Finally, immunoprecipitation of 3mEGFP-tagged myosin with 3mCherry-
tagged Rab would indicate whether there is an interaction (although this method could not 
specify whether the interaction is direct or indirect) between myosin and Rab. Pull-down 
experiments of purified proteins would be required to definitively prove a direct interaction 
between the two proteins. 
 The results of this study seem to rule out the possibility that the lack of complementation 
observed for several mutated myosin constructs in RNAi experiments is due to a lack of protein 
expression. This further suggests that the residues may be important for polarized growth and for 
an interaction with Rab proteins in polarized growth of Physcomitrella patens. In addition, the 
strong tip localization of RabA21 observed in growing protonemal cells, which resembles that of 
myosin XIa, provides support for the hypothesis that an interaction occurs between these two 
types of proteins. Further testing should indicate whether or not a direct interaction occurs, 
thereby improving the understanding of the molecular mechanisms of polarized growth in plants. 
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Appendix I: Macro Code 
MeasureGFPintensity_use_red_for_threshold_V1.2 
//This macro measure GFP intensity on the green channel 
//Uses the red for thresholding 
//You need to shave images on the green channel 
//By Vidali and Agar Sept. 2012 
//NOTE! 
//Open red image first as image 1 
 
selectImage(1); 
Stack.setChannel(1); 
run("Duplicate...",  "channels=1"); 
 
selectImage(2); 
Stack.setChannel(2); 
run("Duplicate...",  "channels=2"); 
//run("Enhance Contrast", "saturated=0.35"); 
 
selectImage(1); 
close(); 
selectImage(1); 
close(); 
 
selectImage(2); 
run("Select None"); 
setTool(3); 
waitForUser("Selection","Finish shaving and press OK to continue"); 
run("Make Inverse"); 
roiManager("Add"); 
setBackgroundColor(0, 0, 0); 
selectImage(1); 
roiManager("Select", 0); 
run("Cut"); 
roiManager("Delete"); 
selectImage(1); 
run("Select None"); 
run("Threshold..."); 
 
setAutoThreshold("Default dark"); 
run("Select None"); 
 
run("Make Binary"); 
run("16-bit"); 
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run("Subtract...", "value=254"); 
imageCalculator("Multiply create ", 1,2); 
 
selectImage(3); 
//run("Enhance Contrast", "saturated=0.35"); 
setThreshold(10, 4095); 
run("Set Measurements...", "  mean limit redirect=None decimal=4"); 
run("Measure"); 
 
selectImage(1); 
close(); 
selectImage(1); 
close(); 
selectImage(1); 
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MeasureGFPintesity_in_protoplast_V1.0 
//This macro splits three images into channels 
//User uses the red for thresholding 
//You need to quantify images on the green channel 
//By Vidali and Agar Nov. 2012 
//NOTE! 
//Open red image first as image 1, then green the red-dead cells 
//Note that the enhancing is not running on the green 
 
 
selectImage(1); 
Stack.setChannel(1); 
run("Duplicate...",  "channels=1"); 
run("Grays"); 
selectImage(2); 
Stack.setChannel(2); 
run("Duplicate...",  "channels=2"); 
//run("Enhance Contrast", "saturated=0.35"); 
run("Grays"); 
selectImage(3); 
Stack.setChannel(1); 
run("Duplicate...",  "channels=1"); 
run("Enhance Contrast", "saturated=0.35"); 
run("Grays"); 
selectImage(1); 
close(); 
selectImage(1); 
close(); 
selectImage(1); 
close(); 
selectImage(1); 
a= getTitle; 
 
selectImage(3); 
b= getTitle; 
 
imageCalculator("Subtract create 32-bit", a,b); 
 
 
roiManager("reset"); 
run("Threshold..."); 
setAutoThreshold("MaxEntropy dark"); 
setTool("wand"); 
run("Set Measurements...", "area mean limit display redirect=None decimal=4"); 
